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PREFACE

The following is a f inal  technical report documenting work performed
under Air Force Contract F336 15-77-C-2086 by Pratt ~ Whitney Aircraft
Group Government Products Division (P~WA/Florida), United Technologies

Corporat ion. The program, “Invest i gation of Fan Blade Shroud Mechanical

Damping,” was an 18-month effort (from September 1977 to March 1979)

sponsored by the Air Force Aero Propulsion Laboratory, Wright-Patterson

Air Force Base, Ohio, under the cognizance of William A. .Stange, Pro-
ject Engineer, Propulsion Branch of the Turbine Engine Division. The

P~WA/Florida Principal Investigator was Donald A. Rimkunas and the Pro-

gram Manager was H. Murray Frye. —
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SECTION I

INTRODUCTION

The proper esign o rotor blades usé~ Tn high perfo~~aii~e gas tur-
bine engines is dependent on high cycle fatigue failure avoidance. This

in turn , is contingent on the accurate prediction of f lu t t e r  i n s t a b i l i t y

• and resonant response to distorted inlet flow and vane wakes. Analyti-

cal techn iques used to predict flutter and resonant stress designs rely

on accurately defined structural dynamic characteristics of the bladed

disk as related to the contact surfaces at part span shrouds.

During engine operation , the shrouds of adjacent fan blades may re-

main in contact and act as a continuous ring, or the shrouds may experi-

ence relative motion at the contact surfaces. In the latter, the resultant

slipping and Coulomb f r ic t ion  forces nay dissipate s ignif icant  vibratory

energy which damps the motion .

The Fan Blade Shroud Damping Analys is  program , Contract F336l5-77-

C-2086, was an 18-month effort as discussed in the following document.

The purpose was to investigate the effect of dry friction (i.e., Coulomb)

damp ing at the shroud interfaces on the structural dynamic character is t ics

of shrouded fan blades typical of those currently used in hi gh performance

jet  eng ines. The program was conducted by the Pratt F~ Whitney Aircraf t

Group of United Technolog ies with D. A. Rimkunas ac t ing as the Princi pal

Inves t i gator and H. M . Frye as Program Manager . The Air Force Proj ect

Engineer was W. A. St ange .

The program was divided into five tasks: Task I - Fini te  Element Model

Modification and Analytical Prediction System Development; Task II -

• 
. Computer Model Ana lys i s ;  Task I I I  - Test Procedure and Hardware D e f i n i t i o n

• and Procurement;  Task IV - Ri g Test ing (under experimental  laboratory

• c o n d i t i o n s ) ;  and Task V - Data Analysis and Correlation . Additional

e f fo r t s  involved the p u b l i s h i n g  of m o n t h l y  activity reports and the final

t e c h n i c a l  report . This  document is organized to ref lect  specif ic  task

e f f o r t s .

1
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This document reflects the effort conducted under the referenced
• contract  to address the problem of proper ly  modeling the dynamic mechan-

ical behavior of a fan blade shroud. Figure 1 illustrates the task break-

down and their sequential accomplishment .

• The program objectives were accomplished through controlled vibration

testing of the YF100(I) first-stage fan blade with a trailing edge shroud .

The blade was tested with variable shroud interface restraints to simulate

the full range of boundary conditions from freely slipp ing to f u l l y
locked , including the intermediate condition of micro-slipp ing . Usi ng a

• numerical analysis , the test cases were correlated to develop an analyt i-

cal model of shroud mechanical behavior. This model can be used to im-

prove accuracy in de termining fan blade natural frequencies , mode shapes ,

and mecha n ical damp ing .

L -
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TASK I

FINITE ELEMENT MODEL MODIFICATION ~

-

- 

-

~

AND ANALYTICAL SYSTEM DEVELOPMENT

• A. GENERAL

- • In Task I , an existing finite element model was modified to allow
tLe NASTRAN computer program to analytically predict vibration frequencies ,

mode shapes , and system damping of a single shrouded fan blade using the
YF100(I) trailing-edge-shroud first-stage fan blade as the test samp lc .

Laboratory vibration testing conditions were at room temperature and zero

revolutions per minute with variable interface constraints. The resultant

finite element model was used in Tasks II , [II , and V in compara t ive
anal yses .

B. ANALYTICAL SYSTEM DEVELOPMENT

A mathematical model was developed to represent the F100 first-

stage fan blade with trailing edge shroud . The idealization of the

shroud and interface compensated for the various boundary conditions of

non-slipp ing, gross slipping, and micro-slippi r~g. The model was used in

Task II to predict the dynamic re~-ponse ~f the blade under laboratory

cond itions.

An anal ytical approach was formulated to model the applied loads at

the shroud interfaces. The variable shroud interface restraints simu-

lated the full range of bound ary condi t ions by apply ing load distributions
to describe the respective interface shear loads. The magnitude of the

load normal to the in te r face  determines the shear load distribution along

the interface. For hi gh values of shroud norma l load , the shroud does

not s l i p. Thereforc , -~t t~ e s~-~r - ud poin t lag ,inaly~ec! , a linea r ela’-t c

load was deve~~ pcd rcia tiv - to a reference po int  on the blade airfoil.

For low values of shroud normal load , relative motion occurs at thc inter-

face . Under this condition , th e magnitude of shear load is limited to

the friction !o~d. Between the ~
‘tec 1v- -~l i pp ing and fully-rest r~ ined

shroud condi tions . ~he normal n ’• ~-~ a:e lo’i increases elastic a ll y Llflti

this cla~;t ~ i~~ad •~~-~l s the ~~~~ :u~~ ut t~~ - tri.tion load at ~-!~r~ a~J
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interface. The limiting shroud interface load at a given point on the

shroud interface is the friction load .

In the analytical investigation , five points along each of the inter-

faces were chosen. This allowed a non-uniform load distribution along

the interface. Since the normal load and therefore the Coulomb f r i c t ion

forces vary along the interface , micro-slipping can be predicted with
this mathematical model .

• The load at each point along the shroud interface was mathematically

described by a Fourier series. The coefficients of the Fourier series

were a function of the normal load at the point under investigation , the

coefficient of friction of the material , and the elastic stiffness of —

the shroud point under consideration relative to the referenced point on

the airfoil .

A NASTRAN finite element model was used to evaluate the stiffness

of the blade shroud. Figure 2 illustrates the blade model . Triangular

plate elements were used to represent the shroud and the airfoil. The

blade platform and extended neck were represer.ted by a series of beam

elements. Springs accounted for the flexibility of the attachment . This

finite element model was used in Tasks II , I I I , and V.

5
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SECTION III

TASK II

COMPUTER MODEL ANALYSIS

A. GENERAL

The NASTRAN computer program was used to analytically predict the

normal vibratory modes of the blade for the following degenerate shroud

boundary conditions: (1) freely slipping shroud interface, and (2) fully

restrained shroud interfaces.

B. 
- 

NASTRAN ANALYSIS

During engine operation, the shroud interfaces experience conditions

between the degenerate cases of freely slipping and fully restrained .

Each blade untwists or changes stagger, due to centrifugal and aerodyna-

mic loading, and the resulting forced contact of adjacent shrouds create

an applied load at the shroud interfaces. The friction forces generated

at the interfaces resist relative motion of adjacent shrouds causing

mechanical damping.

1. Vibration Modes

The normal modes of the blade were calculated , and normalized mode

shapes of the blade airfoil were presented as plots of deflected shape

with a nondeformed shape underlay. The relative magnitude of the dis-

placement normal to the airfoil is shown by contour lines of the displace-

- 
• - ments. The shroud is not included on the mode shape plots for the

purpose of clarity. Figure 3 illustrates the undeformed view of the

airfoil used for the modal plots.

The first and second vibration modes of the blade with fully re-

strained shroud interfaces are presented in Figures 4 and 5, respectively.

The first mode is the first bending mode or cantilever beam-bending mode.

The displacements for this mode occur primarily above the shroud . The

second mode of vibration for the blade with a fully restrained or “ring”

shroud is torsional airfoil motion above the shroud.
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Figures 6 and 7 illustrate the first two~~~~~ of the blade when

the shroud interfaces are allowed to slip. The shrouds are restrained

from motion normal to the interface but allowed to deflect parallel to

the interface. For the slipping shroud condition s, Figure 6 presents

the first mode of the blade. This mode is a basic first beam-bending

vibration mode. The slipping shrouds allow the blade to deform from

• approximately 50% of the span to the tip; the ring shroud limits the

displacement of the airfoil primarily above the shroud. The second vib-

ratory mode of the blade with freely slipping shrouds is a cantilever

beam second bending mode, as illustrated in Figure 7. Further analysis

of the blad e with a freely-slipping shroud showed the third mode to be

above shroud torsion. Figure 8 illustrates the third analytical mode

shape for the blade with a slipping shroud . The above-shroud torsion

mode was the second mode analytically predicted for a blade with the

ring shroud boundary condition . Thus, increasing the shroud restraint

causes the above-shroud-torsion mode to move from the third mode of a

blade with a slipping shroud to the second mode of the blade with a

ring shroud .

2. Frequencies Predicted

The natural frequencies analyticall y predicted for the -fan blade

are shown in Table 1. “.

TABLE 1.
• NATURAL FREQUENCIES OF YF100(I) FIRST-STAGE

BLADE WITh TRAILING EDGE SHROUD

- 
• 

- 

Analyt ica l  Resu l t s 1 (Hz) Test 2 (Hz)
Mode Slipp ing Shroud Ring Shroud Ring Shroud

1 183 351 370

• 2 622 993 1005

3 980 1378 —

~ 
-j

• 

- 
1NASTRAN finite element predictions.

2Blade alone test data, shroud load at 450 in.-lb (ring shroud
1 s imula t ion ) .
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Table 1 shows the first three nodes of vibration calculated by the

NASTRAN finite element model. Both the freely-slipping and the fully

restrained, or ring shroud , boundary condition analytical results are

given . Also shown are existing test data which reflect a blade with a

normal shroud load that causes a 450 in.-lb untwist moment to simulate

engine operating conditions. The second mode of vibration during the

test was the above-shroud-torsion mode. This indicated that at this

shroud load during previous testing, the blade acted in a manner similar

to the analytical blade with a ring shroud . A comparison between the

natural frequencies of the existing test data and the analytical predic-
• tion showed the frequencie3 agreed . This indicated that the analytical

finite element model adequately represented the actual blade.

I t ;
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SECTION IV

TASK I I I

TEST PROCEDURES AND HARDWAR E

DEFINITION AND PROCUREMENT

•-\ . GENERAL

Task Ill provided for the establishment of testing procedures and

testing hardware definition and procurement. Using three YF100(I) fan
‘

7~

. blades with trailing edge shrouds, test parameters such as frequency,

amplitude , and level of shroud constraint loads were defined . The appli-

cation of sensors were defined , methods of applying shroud load con-

straints were determined , and procedures for calibrating instrumentation

and cond uct ing tes ts were establ ished .

B. SHROUD LOAD DISTRIBUTIONS

The elastic shear load distribution r c l a t i ve  to the frictional

shear loads generated at the shroud interface determines the amount of

sli ppage which occurs at the shroud interface. To determine the fric-

tional shear loads along the shroud , the normal load distribution is

requi red .

Fi gure 9 is a di agram of the shroud loading devi ce used in the

laboratory testing . The fixture consists of two d evises constrainted

to move in a straight line. Each clevis supports a load p la ten which
bears against the shroud face. As the d evises are moved forward , the

load platens are allowed to rotate as they translate. Thus, as the

blad e ro tates and deflects under shroud loads , the load platen is held
n contact with the shroud face.

The load distribution under test conditions was analytically dcter-

mined hy performirj~ a s t a t i c  N \ S 1 RAN ana lys is  of the b lade .  The b lade

was restrained from notion at the attachment . The grid points along

each of the shroud faces were connected with a rigid element (a multiple-

point constraint equation).

-~ unit d tlc ct ~on norma l to the shroud face was applied at the cen-

ter of each r~ roud and the reaction i - ea t ~i red to cause the d i  ~p 1 acr~rrn  t

calculut c’d • ~h i s  ‘- -~~ -t ion was u~ ed to n~~r ire the  load at ea~ h L• r~ d

16
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Figure 9. Shroud Loading Device

point on the blade shroud face yieiding the normal load distribut i on .
Figure 10 illustrates the normal load distribution along the trailing
edge shroud interface for the laboratory test conditions. Because the

fr ic t ion force is propor t ional to the norma l load , the load distribu tion
shown in Fi gure 10 indica tes tha t the fr ic t ion force w i l l  be maximum at
the center and minimum at the edges of the shroud .

N. 
~~~~~1 1

Percen t of~
3

Total Load Where :
.2

~~,
,/” ” 44s4

~~ 
N~~~= Lo ad at Grid

N — Total Load at Shroud
0 . . . j = Length of Shroud Face
0 .2 .4 .6 .8 1.0

x = Positjon on Shroudx/ J
Position Along Shroud Face

Fi~ ire 10. Normal Shroud Load Distribution 
- - •
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Further st u d y  considered the relationship of the shroud to the ai~- -

foi l. Because the midchor-J shroud face is in close proximity to the m id-

cho rd of the a i r f o i l , there is a greater potential for interaction twci n

it and the airic fl than between the trailin g edge shroud f ac e  and the air-

fo i l . A f i n i t e  element ana lys i s  was conducted to s tudy t h e  e f fe~~ s on

shro ud lo ads caused  by airfoil-shroud interac tion .

To simulate the rigid test loading blocks , the grid points along

the shroud faces were constrained by multiple point constraint equations

to def lec t and rotat e as a r i gid body. A separate set of equations x~ts

developed for each of the two shrouded faces. A unit compressive load

normal to the interface was simultaneousl y app lied to the center of each

of the shroud faces. Two sets of airfoil boundary conditions were con-

sidered . The first set of boundary conditions consisted of restraining

the airfoil at the intersection with the shroud . These restrained air-

foil  grid points are indicated by points 104 through 108 in Figure 11.

The second set consis ted of restraining the airfoil at its root from all

motion , allowing the entire blade to deform. The analysis yielded the

resultant grid point forces along each of the shroud faces, thus giving

the load distribution across each of the shroud faces for the two boundary

conditions .

Fi gure 12 illustrates the distribution of the total applied unit
load to the shroud faces with the airfoil restrained at the shroud- airfixl

junction . This pattern of grid poin t loads yields an essentially unifo rm

compressive stress field adjacent to the shroud faces. Restraining the

airfoil at the blade root and allowing the entire shroud and airfoil to

deform had little effect on the load distribution of the shroud face

nearest the airfoii trailing edge , as shown in Fi gure 13. However , tii e

mid cho rd shroud face , being closer to the airfoil , is materi al l y affected

by the i ut c ~ c t on c ~ ecn t i e  a i rfo ii and t be shreud Thus , the b c - i t ion

of the shroud rd j
~ e to the a to I can great ly alter the shroud  iec~

dist r ib ution and ‘• ‘ result ant pc itcn tial for shroud slippage . The nor—

m a t  joad di~ t ritiut ; -  a i ~iu ~ t rated in Figure 13 was used for the analytical

determination ot -~b r o u J sbc:t~ loads.

• I,
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Fi gure 13. Load Distribution for Shroud and
- Airfoil Interaction

C. TESTING PROCEDURES

Testing of the fan blade was conducted in two phases. The ini tial

phase comprised the verification of the NASTRAN finite element model

generated in Task II , determination of effect on the blade of instrumen—

tation , and confirmation of excitation level at which blades slip in the

first two modes. The final testing phase comprised the invest iga t ion of

a sing le blade modc while varying shroud in terface condition s (from

f reel y sl ipping ~e f u l l y  locked).

I . Ini tial Test rha’~c

During the in i t i a ~ phase , three blades were laboratory tested . The

natura l  frequency and mode shape of the blades were determined with the

blade shrouds unrestrained ~o avoid  ambig ~ i~~ies asso c ia ted w it h shroud

20
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modeling . A comparison of the analytical results to the test results

was made to demonstrate the validity of the basic airfoil finite element

mathematical model (Task I).

The test was repeated with the shroud fully restrained . A normal

load of 234 lb was applied to each shroud. This amplitude of normal

load develops during typical engine operation and represents a fully

restrained condition . Following these tests, the fully restrained shroud

test data were compared to the natural frequency and mode shape pre-

• dicted by the NASTRAN mathematical model (Task II) for a fully restrained

shroud. Correlation of these data was made to show the adequacy of the

NASTRAN finite element model to accuratel y dep~ct the shroud and shroud

boundary conditions of the blade .

A quantitative measure of the mode shape was determined using

seven micro-accelerometers and vibratory strain gages. Figure 14 shows

the location of the blade instrumentation . After the instrumentation

was added to the blade , the frequency and mode shape were rechecked .

Changes in frequency of less than 1½% demonstrated that the small mass

added to the blade did not have a significant affect on blade

response.

2. Final Test Phase

During the testing of a single blade mode, the shroud interface

slips locally at a given excitation level. The region of local shroud

interface slippage increases with increased dynamic loading until the

entire shroud interface slides or slips across the restraint fixture.

Local slip occurs when the local elastic shear force exceeds the friction

force. Given the normal load distr ibution along the shroud in ter face ,

the magnitude of the local friction force can be calculated. The blade

normal mode analysis with a ring shroud boundary condition provides modal

e las t ic  shear forces at the shroud interface and the modal stress dis-

tribution in the blade. The analysis indicated that stress levels in

the blade , adjacent to the leading edge of the shroud , are sensitive

to the blade deformed shape. Thus, the stress levels at this location

21
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on the blade indicate the mode shape and relative load levels on the

blade. Strain gages were applied to the blade to calibrate stress during

the testing . The sensitive airfoil location near the shroud (gage “B”)

is shown in Figure 14.

During the tests, a 234-lb load was used to represent the normal

load during the fully restrained shroud condition. The titanium shroud

was flame sprayed with a carbide wear surface. The shroud face was in

contact with a Waspaloy test f ixture . A coefficient of friction of 0.4

was used for this combination of materials. Thus the total available

friction force at the shroud interface and the distribution along the

interface were calculated.

Microscopic slip occurs when the local elastic shear force is equal

to or greater than the local friction force. Gross slip occurs i..hen the

total elastic force exceeds the total friction force. Using the modal

stress and modal shear forces from the ring shroud normal mode analysis ,

the value of blade stress at which slip occurs was calculated. Table 2

shows the calculated values of stress level at the gage with the maxi-

mum value of stress and gage “B” (Figure 14) on the blade for which

local slip and full slip of the saroud would occur . The calculated

values of slip for the first two modes compared well to those measured

in the laboratory testing .

t
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TABLE 2 .
ANALYTICAL PREDICTTON OF STRESS LEVEL AT SHROUD SLIP

Amplitude Peak Stress Reference Gage Stress
(0-Peak) - (0-Peak)

Frequency Type Local Slip Full Slip Local Slip Full Sli p
Mode (Hz) Mode (ksi) (ksi) (ksi) (ksi)

1 351 1st B 5.3 15.2 5.3 15.2

2 994 1s t T 1.2 14 .3 0.5 6.5

3 1378 2nd B 1.6 7.8 0.4 2.0

4 l53~ Co mnp l 1.2 7.1 0.8 4.~
5 l~ S9 Comp i 0.7 9.5 0.2 2 . 5

Note: Reference Gage “B” Blade Stress at Leading Edge of Shroud
• (Figures ii and 14)

Normal shroud load , P = 234 lb
Local sli p = Level at which fi rst grid s l ips
Full slip = Based on total shear force on the shroud face

E = F.8 -\ io6 psi (room temperature)

24
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SECTION V

TASK IV

EXPERIMENTAL TESTING

A. GENERA L

Initiall y, three YF100(I) trailing-edge-shroud blades were tested

without  instrumentation to determine their  natural  fr equencies and

correlate the findings with those of the NASTRAN analysis (Task II).

• A single fan blade (Serial Number CB3183) was then selected for further

testing with and without instrumentation and under varied shroud load

condi t ions .

B. TESTING PROCESS

1. Initial Fan Blade Testing

Initial testing of three YF100(I) trailing-edge-shroud blades was

without the addition of strain gages or accelerometers. The first five

natural frequencies were found for the blades with both unrestrained and

fully restrained shroud conditions. Table 3 presents a comparison be-

tween the natural frequencies predicted by the NASTRAN analysis (Task II)
and the mean test values for the unrestrained shroud conditions. Table 4

shows the natural  frequencies found during laboratory test ing for the

blade wi th  the shrouds restrained. The analyt ical  predict ions from the

NASTRAN analysis for the ring shroud are also given in Table 4. A corn-

parison of the test data with the analytical prediction of natural- fre-

quency shows good agreement .

I
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TABLE 3.
ANALYTICAL VS TEST NATURAL FREQUENCY
FOR BLADE WITH UNRESTRAINED SHROUD

Mean Test Freq. NASTRAN Freq .
Mode (Hz)1 - (Hz)

1 1st Bending 104 102

2 2nd Bending 323 306
3 1st Torsion 569 ~13
4 • Complex Plate 711 680

5 Complex Plate 1182 - 1227

1. Mean value of three blades tested.

TABLE 4 .
ANALYTICAL VS TEST NATURAL FREQUENCY

FOR BLADE WITI-I RESTRAINED SHROUD1

Mean Test Freq .2 NASTRAN Freq .3
Mode (Hz) (Hz)

1 1st Bending 376 351

2 1st Torsion 1009 994 
-

3 2nd Bending 1311 1378
4 Comp lex 1550 1537

5 Complex 1923 1859

1 . Normal load applied to shrouds P 234 lb

2. Mean value of three blades tested

3. Ring shroud analysis

26
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2. Initial Testing Phase of Sing le Fan Blade

a. Natural Frequency Testing

Based on the initial blade testing , a single fan blade (Serial

Number CB3183) was selected for all further testing . To determine the

repeatability of the blade testing , the blade was frequency retested six

times with the shrouds restrained . The test consisted of installing the

blade in the test fixture with a shroud load of 234 lb. The first three

natural frequencies of the blade were determined using a low level of

excitation. The shroud load was released and the blade removed from the

fixture. The blade was reinstalled in the test fixture and the shroud

load reapplied. The results of the first natural frequency showed a

j variance from the mean test value between +0.5% and -0.6%; the second

frequency varied by ± 0.6%; and the third mode frequency varied by

+0.3% and -0.6%.

The natural frequencies of the blade were then analytically deter- -

mined with and without instrumentation . The fan blade weight without

instrumentation was 452.2 graIns. It increased to 458 grams with instru-

mentation. The calculated natural frequency decreased by 0.6% from the

blade frequency before the addition of instrumentation, and was there-

fore considered an insignificant variation . This was confirmed by

laboratory tests in which the natural frequencies of the instrumented

and non-instrumented blade for both the restrained and unrestrained

shroud conditions were measured . For the unrestrained shroud condition ,

the frequencies of the blade before and after the addition of instrumen-

tation to the airfoil are shown in Table 5. The variation in frequency

was between 0 and 112
0
0 for the first four modes.

t
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TABLE 5.
UNRESTRAINED SHROUD BLADE TEST RESULTS

Frequency (Hz) -

Wi thou t Wi th • 
Delta

Mode Accelerome ters Accelerome ters Freq uenc y

1 105 105 0

2 32Y 325 -4

3 570 - 
• 566 —4

4 T’1 3 702 
- 

-11

A second serie~ of tests were performed on the blade wi th the shrouds
• f u l ly  restrained . A preload of 234 lb was applied to the shroud inter-

faces and the frequencies of the fi rs t four modes of the blade were
again experimentally determined before and after the addition of instru-

mentation to the blade . The results are shown in Table 6.

The final testing of the blade primarily investigated shroud sli p-

page in the first mode , which is the first bending mode. This mode

showed a change of 0.7°c in blade frequency during testing due to the

instrumentation. Thus the effect of the added mass on the test results

was considered neg li gible. • 
- 

-

TABLE 6.
RESTRAINf~D SHROUD BLADE TEST RESULTS

Natural Frequency (Hz) 
-

Without With Delta
Mode - Accelerometer Accelerometer Frequency

387 384 -3

2 1003 1001 -2

3 1270 1234 -36

4 1574 1578 +4

h. !-xcitatio n Levci -- Blade Shroud Slippage Analysis

The first two modes rf the blade with restrained shrouds werc n-

vest igated to exper - T1~~ 1 ta i i y  ~~~1 L r n h j n c  the level of input c~ :itat ion •i~~

wh ich the hI :td’~ - - ‘roiui~ i - g in to sli p. In ’~ blade was re’~t rained in

test fixture an~ the shroud interfaLe load of 234 lb was app licd . The

28
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input excitation from the shaker table was increased in even increments.

The output of the strain gages and accelerometers was recorded at each

level of input excitation.

The response of the blade to the input acceleration was linear until

local slip occurred at the shroud interfaces. As the input excitation

was increased , a large port ion of the shroud sl ipped un til gross slippage
of the shroud occurred . Figure 15 illustrates the response of the blade

in the first beinding mode. The stress in the airfoil adjacent to the

• shroud , recorded by gage “B” was given relative to the input accelera-
tion of the shaker table. The response became nonlinear for stress

levels between 4 and S ksi or an input of 1g. At a stress level of

10 ksi , gross slip or “ratcheting” of a shroud was encountered. The

test was repeated for the second or above-shroud-torsion mode (Figure 16) .
For the torsion node the chordwise tip strain gage gave the highest

response. The chordwise stress at the blade tip, measured by gage “A”
• (Figure 14), is given relative to the input acceleration . Figure 16

shows the blade response to be linear up to a stress level of 0.6 ksi.

The test da ta showed local slip of the shroud occurred between stress
levels of 0.6 ksi and 1.0 ksi at the blade tip . As the input e;~~itation

was increased above 1.6 g ’s, the blade shroud interface “ra tchets” ac ross

the shroud restrain t test f i x ture .

The initial slip of the shroud interface was analytically predicted

by the NASTRAN finite element model (Table 2) to occur at an airfoil

stress of 5.3 ksi adjacent to the shroud for the first mode. The second

mode was  predicted to reach initial shroud slip at an airfoil tip chord-

wise stress level of 1.2 ~i. These stress levels were calculated

using a coefficient of friction equal to 0.4. The laboratory test data

ind ica te tha t ini tia l s l ip  of the shroud occurs at s~ s 1eveTs b~ tween -

4 to 5 ksi for the first mode and 0.6 ksi for the torsional mode.

3. Final Testing Phase of Single Fan Blade

For the f ina l  phase of labora tory tests , the blade was fixtured and
- instrumented with micro-accelerometers and strain gages as done in the

initial testing (Figure 14). Five different levels of shroud load were

applied to the blade . The shroud loads included a range of normal
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load from 100 to 400 lb. A reference level of 234 lb . which represents

the load level developed during normal flight operation of the blade ,

was included in the range of test conditions. At each magnitude of

shroud load the blade was excited at resonance -for at least three dif-

ferent levels of input acceleration .

At the beginning of the test , shroud faces and load platens were

cleaned and degreased. The shroud loading platens were brought into
contact with the shroud faces. The screw mechanism was advanced until

the desired shroud load level was obtained . The magnitude of force was

indicated by a meter attached to a load ce l l .  In applying the shroud

load , the blade was carefully located centrally in the test apparatus

and uniformly loaded to ensure repeatability.

At each level of input excitation for a given shroud load , the

magnitude and phase of each accelerometer was recorded. The frequencies

at peak response and stress levels of the strain gages were recorded .

Preliminary testing showed the response of accelerometer number one

(Figure 14) was representative of test conditions with reference to the

other accelerometers for the shrouded blade response. Therefore, to

determine the system damping, a plot of the number one accelerometer

response as a function of frequency was generated at each level of input

acceleration. Using the half power power technique ,* system damping

was determined .

Figures 15 and lii , which were generated during preliminary testing

of the blade , show that for relatively low leiels of input excitation

the response of the blade becomes nonlinear. This indicates that local

or microslip of the shroud face occurred at low levels of excitation .

The point of gross slip of the shroud is indicated by a loss of relief

of the applied shroud load. As the input excitation was increased , and

as the point of gross s l ip  was approached , the shroud load began to

diminish until the point of almost complete loss was reached .

*llarris , C., C. Crede, Shock and Vibration Handbook McGraw Hill Bobk
Company , 1976, pp. 2-15.
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Examination of the shroud load platens after the shroud load was

relieved showed material transfer from the shroud face to the load

platens . Reinstalling the shroud load after slip occurred allowed a

higher level of shear load to be developed at the interface. This

resulted in a change in the magnitude of the response for a given set

of test conditions , shroud load , and input excitation . To ensure repeat-

ability of the tests once gross slip (loss of the shroud load) occurred ,

the blade was r~moved from the test apparatus and the load platens re-

polished to remove any material  transferred to them. By careful control

of the shroud interface and load platen surfaces, repeatable test da ta
were obtained for the blade up to the condition of gross slip .

The use of low levels of normal shroud loads in conjunction with

-hi gh levels of excitation results in gross slippage of the shrouds. As

explained , once gross slippage occurred , the normal shroud loads applied

by the test fixture were relieved. Also associated with a freely slip-

ping shroud is a change in shroud face boundary conditions due to mate-

rial transfer between the shroud and the test fixture. Due to these

factors it was not possible to obtain repeatable test data for a blade

wi th freely slipp ing shrouds.

Figure 15 presents data gathered in the preliminary testing of the

blade in the first bending mode. This curve shows a discontinuity of

data at 5 g’s of input exci tat ion . Further tes t ing of the blade showed

that a loss of shroud load indicative of gross slip occurred at this

level of input excitation .

The blade was tested in the first bending mode with a shroud load

of 234 lb. Figure 17 shows the phase relatioii between the motion at the

blade root and the blade ti p as indica ted by accelerometers numbers one
and six. Analytical calculations showed that for a locked shroud , hi gh

shrou ~ load and 1o~ I oput  exc it  it  ion during the tes t , the mot ion  of the

blade occurrc~ ~ r i i i : i .i~ ab ove the shroud . The motion he 1o~ t h e  shroud

was i -I f very lo~ ma~ r~i t~ dc and 90-dog out of phase r e l a t  ive  to the t i p

d e fl ect i o n s .  )See  F i gure  ~~, Sect ion I I I  for  the a n a l y t i c a l l y  generated

moda l d isp lacenent ~ f~~r t he  f i r s t  b end ing  node w i t h  a locked s h r o u d . )

For a s li pp ing shroud the  ~io t i o n  below t h e  shroud s more ci ~‘r i fi L~~ fl1~
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in magnitude and is in phase with the tip motion . (See Figure 6, Sec-

tion III for the analytically predicted modal displacement for a blade

with a slipping shroud.)

Figure 17 shows that as the magnitude of input excitation approaches

the point at which the shroud load is relieved , the tip motion and root

motion become closer in phase indicating a shift from a ring shroud to

a slipping shroud condition. Only a small variation in resonant fre-

quency was observed in the laboratory testing as the input excitation
• was increased to the point of shroud load loss as depicted in Figure 18.

The amount of system damping for the shrouded fan blade was deter-

mined experimentally. Preliminary testing demonstrated that accelero-

meters at the tip were most responsive. A graph was generated of the

accelerometer output magnitude as a sweep of the excitation frequency

through resonance. By applying the half power point technique to the

curve, the system damping was determined .-

The blade was ini tially tested in the first torsion mode. The

magnitude of damping for the first torsion m ode , as shown in Figure 19,

was found to be insensitive to the magnitude of shroud load or input

level of excitation . The system damping given as a percent of critical

damping was found to vary between 0.13 to 0.15% over a range of input

excitation from 1 to 6 g ’s.

~
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Shroud Load

Testing the blade in the first bending mode showed a more significant

effect on damping caused by changing the input excitation (Figure 19).

The data in Figure 19 were for a constant level of shroud load . The
effect on damping caused by changing the shroud load is illustrated in

Figure 20.

0.8___ _  _ _ _ _
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_. 280lb__
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i i  0.

0 _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  -
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Figure 20. Percent of Critical Damp ing versus

Input ExLitation for First Bending
Mode
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SECTION VI

TASK V

DATA ANALYSES AND CORRELATION

A. GENERAL

In ‘l’ask VI , the data obtained in Task IV in laboratory testing of

the sing le fan blade was compared to the analytically generated data by

using the NASTRAN finite element analysis of the fan blade. The purpose

of this correlation was to refine an analytical model for predicting

fan blade mechanical damp ing.

B. ANALYTICAL MODEL ANALYSIS

1 . Genera l Background

The shroud s of a shrouded fan blade form a segmented ring when the

blades are assembled in to the disk assembl y . At opera tional speed , the

blade cen tr ifugal  loading causes the blade to untwi st or rotate abou t

a radial axis. The untwisting of the blades forces the shroud faces

in to intimate contact with the adjacent shroud blade. Thus the shro ud
contact or normal load is a function of the initial assembly fit of the

shrouds and the rotational speed of the fan assembly during operation .

At a hi gh normal shroud load , the shrouds are fully locked together by

the frictional loads developed at the shroud interfaces. Under this

condi t ion , the shrouds act as a continuous elastic ring. Gross slipp ing

of the shrouds occurs at low normal loading of the shroud faces or high

excitation levels . Energy dissi pation is associated with gross slip of

the shroud , but at large cyclic slip, serious fretting and erosion effects

may be encountered. Such interface surface deterioration may result in

fatigue cracks or wear of the shroud; this could in turn result in h igh l y
stressed resonant v ibration that the shroud is intended to control.

Between the c o d i t  ion ¼ r fully locked shroud s and freely slipp ing

shrouds , t h e  reg ion ~~ m i c r c -  -ci io or  local slip is encountered . r~ r t he

mi cro- slip condi~~ior . a~nCrgv 1- ; dissipated over a portion of the cycle

with an elastic load transfer at the shroud for the remaining portion

of the cycle. Since a nonun i form normal load is developed over the

shroud , the fr i c t i~~n a1 shear f rr c r  w~ ii al s-.~ ~:m”v ;m. ’o~ s thc shr ud face .
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Therefore, during a blade vibration cycle , some points along the inter-

face will be transferring load elasticall y as other points slip.

2. Blade Shroud Stick-Slip Analysis

In order to invest igate the shear loads along the shroud i n t e r f a c e ,

the simple spring/mass system illustrated in Figure 21 was used to
investigate the relation between blade motion and the shear loads at the

shroud. The blade is represented by the mass, M, which undergoes the

simple harmonic motion denoted by the symbol (s). The normal load at

the shroud is denoted as “Ni”; re]ative motion at the shroud face, or

slip, is represented by the symbol “X” . At a high value of normal shroud

load, the shroud does not slip, X=O. For this condition the shear load

j at the shroud is determined from the following expression which indica tes
a linear elastic load

F L = K j~
Sb

Where:

FL = linear shear load at shroud

Ki = shroud st i f fness

= blade motion . -

During slip (X~0), the shear load is equal to the frictional load

F5 =

- -~~~ - Where : -

F5 = shear load at shroud during slip

- • = coefficient of friction
S

N. = load normal to the shroud face.1
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- (a)  (b)

M=Mass
K1 = Stiffness of Shroud

6b Blade Motion
- N1 Normal Load at Point “1”

Fj = Interface Shear Load at Point “i”
x = Slip Motion at Shroud Interface

K.0 = S t i f fness  of Blade

- 
Figure 21. Simple One-Degree-of-Freedom Model

The elastic shear load is equal to the frictional shear load at the

i n s t an t  before slip. By equating the expression for elastic load to

- - 
- 

- the f r ic t ion  fOrce expression , the amount of the blade motion required

to cause slip at the shroud can be calculated at the start of slip:

F
L 

= F

=

~s1ip 
= =

Figu re 22 illustrat es the relation between blade motion and sli p at

the shroud for the simple mod e l depicted by Figure 21. The numbers in

Fi gure 22 relatr to the position in the disp lacement plot of Figure 21.

The motion of the blade s~ artr at p oint ‘0” m d  is e la ~~t i c  u n t i l  s l i p
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Si ip~~t Shroud\~~~~~~~~~~~~~~~~~~

Figure 22. Blade Motion Versus Slip at Shroud

occurs as illustrated in Figure 22. Motion of the mass continues with

s l i p  un t il the maximum disp lacement is reached. At point “1” , the shroud

spring “K 1” is loaded to the magnitude caused by the blade motion “a” .
As the mot i on of mass “M” continues at point “1”, the spring “K 1” is

first unloaded and then reloaded as the motion changes direction . There-

fore, the shroud force is elastic for a blade motion equal to 2gm , as

illustrated in Fige~e 22 . The shroud slips as the mass moves through

poin t “2” to the maximum negat ive displacement , point “3”. Slip mot ion
stops as the blade reverses direction . The blade must displace “2k” for

slip to reoccur . The cycle continues with the mass moving around the

curve through point “4” back to point “1” to continue a new cycle.

The shear force at the shroud face expressed as a function of the

blade motion is illustrated in Figure 23. The shroud force is elastic

along l ine “ab”. Referring to Figure 22, this motion is equal to the

- 

- 
- blade moving from point “1” through “2t~”. After the blade has moved

throug h the dis tance “2L~” , sl ip occurs at the shroud face.  The shear load
-

- 
- at the shroud face is shown schemat ica l ly  in Fi gure 23 to be equal to the

L coef f ic ien t  of f r i c t i o n  t imes the normal load . This is illustrated by

line “bc” (Figure 23). The load is again elastic from point c to point d.

This is equivalent to the motion of “2A” on the lower portion of Figure 22 ,

af ter which s l ip occurs limiting the load to the frictional value . -
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F1 d
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~~~~~~~~~~~~~~~~
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~~ 

-

UdN1

M d NI

F1 = Shear Force at Shroud
= Blade Motion
= Coefficient of Friction

Ni = Normal Load at Shroud
= Shroud Sti ffnes s

Figure 23. Blade Motion Versus Shear Force at Shroud Face

The effect of increasing the normal shroud load is illustrated in

Figure 24. As the normal shroud load is increased , the shroud undergoes
a transition from a slipp ing shroud to a ful iy locked shroud . Increasing -

the normal load from (N) to (N’) causes thc amount ~f th e cycle during

which the shroud remains stuck to increase from 2~ to 2k’. Fi gure 24
also shows tha t the load remain s ela st ic for a greater amount of blade
motion as the normal load is increased . The limit n~g value of the normal

load is the point at which 2A is equa l to the full range of blade mot i on

from zero to the maximum . At this value of norma l l oad , no s l i p  would
occur during the ceip l ete cicle . That is , X=O o-.cr Ui’ enti:-c cycle.

V~hen this conditi on is reached , t i e  shroud sh ea r force versus the bla de

motion (in a d i~~g rir- ) degen - m a t e s :o a sing le 1inc ~ ~he slop e o~ th is

l ine j c  equal to the shroud stiffness.
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The s h r) u i  i n t e r f a ce  shear load as a function of t ime is illu s: rated

in F igure 25. The solid line indicates a low level of shroud norma l

load which allows the shroud to sli p over a large portion of the cycle.

Increas ing  the normal load causes the  shear load variation over the

cyc le to approach the linear elastic variation . 
-

F1 Shroud Force
Fully Locked Shroud

I 
~ 

Slipping Shroud at N ’
UN ’ /1 /r ~~ Slipping Shroud at N

~~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

N ’ >N

-MN ’. \\..._i /
\ /

Fi gure 25. Force Variation at Shroud Interface

3. NASTRAN Analysis

a. General

The an aly si s of an ex ist ing shrouded blade was under taken to s tu dy

the effect of shroud loads on the response of an actua l blade . The

analysis was conducted using the finite element model generated with the

N .- \ S l P \ N  cor ipl i t  er ~~~~~~~~ r i m  - he hi a-I c and .- -h r c-ud sO =C node l ed  using p 1 m t e

f i n i t e  e l e m e n t s . [he usc a t  p l a i . e elements to represent ~he shroud

i l l e ~ s the  load d i~ t r ~h ’ mt  ion a l o n g  the  shroud faces to he i n v e s t  i ga~ cd.

A stead y-state forced m e sp ouse  analysis of the shrouded blade app ly i n g  a

base cx c i t at  ian and shear  forces  at t h e  shroud f ace s  was con du c t  L i . lhr

r e s u l t s  from he an ; i lv : ; i .~ were c - r i -u i r r - d t e  1- m bo i ~~~otv  res t data ‘rn -rated

in las k IV . 
—
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The shear load at the shroud face (as explained in the beg inn ing

of this section) is dependent on the load normal to the shroud face,

the stiffness of the shroud , and the blade motion . This resul ts in a
nonlinear problem . An iterative solution to the response problem is required .

A reference point on the blade-shroud junc t ion  was used to moni tor

b lade  motion . Starting the anaJysis with an assumed blade motion , the

shroud loads were ca lcu la ted . The est imated shroud load was app lied to

the forced response model and a base exc it at ion to determine the blade
response. The motion determined from the analysis was compared to the

ini tial estimat e of displacement . Whcn the new displacement was equal to

the estimate , the solution was accepted . When the new value of displacement

d i f f e red f rom the o r i g i n a l  value , the new value was used to recalculate

the shroud loads. This procedure was repeated until a solution was

reached , as illustrated in Fi gure 26.

h. Prediction of Sli p

The d istribution of normal load along each of the shroud faces was

determined w i t h  a NASTRAN static finite element analysis of the shrouded

blade.  (The de t e rmina t i on  of t h e  normal load d i s t r i b u t i o n  was d iscussed

in Section IV . The distribution of the norma l shroud loads are shown in

Fi gure 13 .)

Knowing the norma l load d is tributi on , the Coulomb f r ic t iona l shear
forces along the shroud may be ca lcu la ted for a g iven coef f ic ien t of
f rict ion and magn itude of normal load .

The elastic shear loads developed at the shroud s for a g iven excita-

tion were determined from a forced response anal ysis of the blade w t h

the sh rouds fixed . By comnaring the e l a s t  ic shear  loads  at t h e  shroud

w ith the frictio nal shear loads , the relat ion between the normal toad

requ i red to prevent sli p and the input excitation was determined .
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Figure 26. Analysis Procedure Flow Chart

Figur e 27 il1i.~ t r - m t c s  the  r e l a t i o n  between time normal shroud load and
5 —

input excitation f-~~ th e YUIOO (I) first-stage -~~ade with a trailing edge

shroud . This graph is based on a coefficient of friction equal to four

tenths. Fi gure 27 also includes the range of normal shroud loads used

during the l n h o r a t ~~rv ~cs . i n i ~ ot t h e  h l n d c .  It i l l u s t r a t e s  t h~:t condit ions

ranging f r L -r f u l l y  locked  ~I ; i~ouis  to sli pp iut. shrouds were encoun F -i - e d

- — _  

- -
~~~~~~~~

_ F
~~~~~~~~~~

-
~~~~~ - - -_ _ _ _ _ _



r j~~ 
— —-‘—-—‘

~~~~~~~~~~~~~~~~~~~~~ 
— 

‘7w” 
~~~

— - 

~~~~~~~~

-..—--- - -

~~ 

- -

during blade testing. the effect of the coefficient of friction on the

shroud slip is illustrated in Figure 28. ihis curve represents the

blade subjected to a 2g e x c i t a t io n .
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Figure 27. Analytical Predict ion of the Ef fec t  of Normal Shroud
Load on Shroud l~ terfacc Mot ion:
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Slide

0 0.2 0.4 0.6 0.8 1.0 of Shroud

Coefficient of Friction

Fi gure 28. The Effect of Coefficient of Friction on Shroud Interface Motion

c. Shroud Loads

The expression for the shear loads at the shrouds was developed ~iy

considering the relation between a sing le po int on the shroud with the

re fe rence  p a i n t  on the  b l ade .  I l i e  r eferen t’ p o in t  on t ime  b l ad e  is  a

poin t ;mt the cent -r of tue h i a d - shroud junction . Fitturo 9 ill u trates

the genera l fo r - ;  ot  the load over :m cycle. The load is exp r essed  hr

a discontinuous f u n c t i o n  over t he  complete cy cle. For the  st en d y - c t a v e

resp iuse of the h m ~l~’ the cycle i s - a rbi t rar i l y started at t i m e  t 
~~
. The
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shroud is “stuck” over the portion of the cycle denoted by the time in-

terval t~~. The four expressions used to describe the shroud load over

the cycle are :

F~ _ t i N _ KU [COS(ut4)_ l]

F~~’ = ~iN

F~
’1 = uN _ K tJ [Cos(ot_~P )+ l ]  l p + ~~ < w t < m p + r + u t *

= -uN

Where:

~m = coeff ic ien t of f r ic tion

N = normal shroud load at point “i”

K = stiffness of shroud point “i” relative to the
blade  reference - point

= frequency

t = t ime

Li = blade reference  point  motion .

By equa t ing  the express ions  for the shroud load at t he  p o in t  w h i c h

an elastic load ends and slip starts , an expression for wt* may be de-

fined at

F 1 
—

~UN KU [COs(u~ *) 1]~~~ N

Wt* = CoS _ l [l 
~~~~~~
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Force

H EMN — Reference Point
Displacement

~ t 1

-MN — 
Shroud Force

H 

—2t_____

= Stick or Elastic Portion of Cycle

Fi gure 29. Local Shroud Force for St ick-Slip Condition

As the rat io ~~~~
- (the ratio of Coulomb friction load to elastic load)

approaches un ity the magnitude of ut* approaches ,r. Thus at values of

the ratio 
~~
j- ~ 1, the shear load at the shroud point under study is

elastic . As the ratio is reduced from unity, slip occurs over an in-

creasing portion of the cycle.

In order to use the shroud load expression in a forced response

- - analysis , the general discontinuous expression is represented by a

Fourier Series .

Where:
0 1) ~

= 7__ + 
~~1 (& 0Cosnwt 4 h Sinnut ) .

I t  can be shown t 1o~t o n l y  odd t e r m s  cAist  and that :

a0 = 0

= - :!~Sin(wt *) +~~‘~tSjfl(wtk) 
_
~~ {wtk +hjSin2wt*1

33 = - in w t * ) +~~~Sin ( 3u t ) 
~~~

- in2wt ’} _
~~~~

1S i n 4 w t }
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a = ~~~ 2Sin ( 5wt *) +~~~Sin5u t* _ _
~~Sin4ut* ~~Sin6ut*5 5,r Sr 4r 6r

~u r  1 1 B -,

b = ~~L 1+ co~~t*i 4 Ll~~
0swt*i ~~ Sjfl ut”

= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

+~~~~~— [ s ~~~~~*~ _i]

b5 = -~~~~~ ~l+Cos5ut*] +~~~ -~~ [l _Cos5mot*] +~~~~~_ [Cos(4ut *)_l]

÷~~~~[Cos(~~~t * )_ l ]

Where:

A = [KU~uNJ 

)PN 1
= Cos

The Fourier Series expression evaluated at a ratio of uN/KU equal

to unity degenerates to the simple elastic harmonic expression as shown

in Figure 30. Figure 31 illustrates the original shroud load curve cviii-

uated at a ratio of ‘tiN/KU = ½ . This represents the cond it ion of s l i p
over 50% of the cycle. Shown relative to the ori g in al curve are the

results of evaluating the Fourier Series using the first three harmonic s

for this condition and also the results of using only the first harmonic

in the load evaluation . The result of using the first three harmonics

in d e f i n i n g  the  load matches  the o r ig ina l  curve very c lose ly .  The use

of only the first harnonic results in a small variation between the

load ing curves. The extreme conditions with slip over 80% of the cycle

is illustrated in Figure 32. This figure shows tha t the use of only
the first terms in the Fourier Series load definition closely matches

the ori ginal curve . The two curves deviate by 8%. As the amount of slip

over the cycle  dec reases , that is as the ratio of uN / KU approaches unity,
the deviation diminishes between the ori ginal curve and the load definition

ba sed on o n l y  the  f i r s t  h a r m o n i c  from the Four ier  Series  d e f i n i t i o n  of

the load . At the po int of no sli p the expressions match. The analysis

of the blad e was conducted using the first harmonic from the Fourier

Series e x p r ess i o n  of the  shroud b a .
49
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d. Blade Analysis

A forced response steady-state analysis was conducted using the

NASTRAN finite element computer program. (The mathematical model used

for the analysis was shown in Figure 2.) The blade was subjected to a

base excitation at the root a t tachment  and the shear loads were presc r i bed

al ong the shroud faces . The shroud shear loads , both in-piano and out of

the shroud plane , were determined using the first harmonic of the Fourier

Series expression for the shroud loads. Five grid points along each of

the shroud faces were defined in the model which allowed the shear load

variat ion to be included in the analysis. Since the shroud loads are a

function of the blade motion , an iterative solution was required to solve

the blade response problem (Figure 26) . The rate of convergence of the

i te ra t ion  scheme is i l lus t ra ted  for two d i f f e r en t  analyses in Figure 33.

The lower curve represents the blade in a micro-s l ip  or stick-slip cond i-

tion . The upper curve i l lus t ra tes  the solution converg ing to a blade
with a stuck or fixed shroud .

The effect of changing the coefficient of friction on the solution

is presen t ed in Figure 28. For the case of 2g ’ s base exc i tat ion , a

shroud norma l load of 234 lb . and the coefficient of friction equal to
0 . 8 , Fi gure 28 predicts that the shrouds do not sli p. The blade was

analyzed under the above conditions first with the shrouds restrained

from sl iding and a second time with shroud shear loads calculated using

a coef f ic ien t of f ri~ tion equal to 0.8. Figure 33 shows that the iterative

solu ti on wi th a hi gh coeff icien t of f r ic t ion converges to the sol ut ion
of the  b l ade  wi th  f ixed shrouds a f te r  f i v e  i t e ra t ions .  This  agrees w i t h

the predict ion of a non-slip response solution of Figure 28. Figure 33

also illustrates that with slip occurring, represen ted by the lower
response curve , the energy dissipation of the shroud loading results in a

lower t ip response for the blade subjected to the same base excitat i on .
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Fi gure 33. Ana lytical Predicted Normal D i s p lacement  at Bl ade
‘I ip ~ ~- 13 i i :  , ~orma I S h ro u d  L o a d :  \~— 234 lb
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C. COMPARISON OF ANAL Y TICAL DATA TO TEST DATA

A comparison of anal y t i ca l  and test  data generated for the blade

under s i m i l a r  condit ions shows good agreement , ( F i g u r e  34) .  The con~li-

tion s illustrated are for the b lade  w i t h  local s u p  occurr i ng d u r i n g

th e  cyc le .  ‘I he blade response for the  other  c o n d i t i o n s  tes ted are  i l l u -

strated in Figure 35. The complete test results are presented in the

• appendix.
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CONC LUS IONS/R F COMM ENDA TI ONS

Laboratory t e s t i n g  of the YF~ O 0 ( I )  fan bl ade wi th a tr ai l i ng  ed ge
shroud examined the  fu l l  range of shroud boundary conditions from f ixed

to freely slipping . Comparison between the test data and the ana ly t i ca l

prediction of fr eu u e n c i e s  and mode shapes for free and f ixed blade shrouds

showed good agreement . I t  was also demonstrated that  frequency change

- caused by the presence of ins t rumenta t ion  was n e g l i g i b l e .

The steady-state forced response ana lys i s  of a shrouded blade w i t h  -

shrouds that slip over a large portion of the  cycle required a non-linear

solut ion. The use of an i t e ra tive  selution scheme to solve the non-linear

problem based on the NASTRAN computer program proved to be unwieldly.

An internal modif icat ion of NASTRAN to recalculate  the shroud loads- after

ca -h it e ra t ion  in the solution scheme or a special purpose program is

required to use t h i s  solution nethod as a practical design tool.  The 
-

analysis  of the blade was conducted using onl y the f i rs t  harmonic terms

of the ma themat i ca l  de f in i t ion  of the  shear load at the shroud faces .

This ana lysis r e s u l t e d  in a blade response that matched the test data

generated for the blade .

Comparisons of the  analysis  and test data for the shrouded blade

v ibra t ing  in the f i r s t  mode w i t h  microsl i p at the shroud faces demonstrated

that only small changes in frequency and mode shape occurred . For this

condit ion , the present l inear  method of analys is , which considers the

shroud as a cont inuous r ing , is aL quate.

Analys is  of the fan blad e under the freely slipp ing boundary condi-

tion was inconclusive due to the nonrepeatability of the test data. As

the fan blade started to s l ide  at the shroud interfaces, the appl ied

load normal to the shroud face was relieved . Also , associated wi th  gross

sl i~ piiig , i m a t e r L a ~ t r o n s f c r  occu r -r ed  between the shrouds aod the test

fixt are. The resultant changes in the shroud boundary conditions after

gross s l i p had occurred negated  test repeatability at the given sFrood

loads and input excitations. In order to evaluate this condition , a

more sop histicat ed experimental approach would be required . A f u l l  s t age

of fan bla d es ~ c-ld have to Le t t  ste d  in a rc ’~ i r~g e:i’’ i r o or—c r ,t w~ th

appropriate c Ip ;lh il ity to m o d i f y  - hroiid loads and measure -r-sponsr .
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APPENDIX

TEST RESULTS

‘~h~ ~~~~ data generated during Task IV of the Fan Blade 5~~~Thg

Analysis Program is included in this section. Tables Al through A5

present the stress output and accelerometer readings generated while

testing the fan blade in the first bending mode with the shroud normal

load held at 200 lb . 234 ib , 280 lb . 330 lb and 400 lb. respectively.

The location of the strain gages and accelerometers was presented in

Figure 14 , Section IV. When the first mode is excited strain gage “B”

is the only gage which yields a significant value . Therefore only the

results from this strain gage appears in tables Al through AS. The

accelerometer output presented in the tables consists of the magnitude

expressed in g ’s and the phase angle in degrees relative to the input

excitation .

Figure Al presents the bench test frequencies of the three blades

used for the program and an indication of the mode shape of the blade.

The tabular data are for blade Serial Number 3183.

Figures A2 through A6 illustrate the blade response of blade Serial

Number 3183 as recorded by accelerometer number one . The curves present

the tip response of the blade versus excitation frequency at different

levels of input excitation for a fixed shroud normal load .
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I~t Mode 2nd Mode 3rd Mode

Holography

T

S/N
3183 391 Hz 1003 Hz 1318 Hz
3177 367 HZ 992 Hz 1385 Hz
2751 363 Hz 1018 Hz

1st Mode 2nd Mode 3rd Mode
Shaker Table

I

S/N
4 

3183 387 Hz 1003 HZ 1270 Hz
3177 368 Hz 996 Hz 1295 Hz
2751 383 Hz 1044 Hz 1287 Hz

Figure 36. Blade Mode Shapes and Frequency from Bench Testing With
Shrouds Restrained at 234 lb
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